Photoinduced electron transfer and geminate recombination are studied for the systems rhodamine 3B (R3B ϩ ) and rhodamine 6G (R6G ϩ ), which are cations, in neat neutral N,N-dimethylaniline ͑DMA͒. Following photoexcitation of R3B ϩ or R6G ϩ ͑abbreviated as R ϩ ), an electron is transferred from DMA to give the neutral radical R and the cation DMA ϩ . Because the DMA hole acceptor is the neat solvent, the forward transfer rate is very large, ϳ5ϫ10 12 s Ϫ1 . The forward transfer is followed by geminate recombination, which displays a long-lived component suggesting several percent of the radicals escape geminate recombination. Spectrally resolved pump-probe experiments are used in which the probe is a ''white'' light continuum, and the full time-dependent spectrum is recorded with a spectrometer/charge-coupled device. Observations of stimulated emission ͑excited state decay-forward electron transfer͒, the R neutral radical spectrum, and the DMA ϩ radical cation spectrum as well as the ground-state bleach recovery ͑geminate recombination͒ make it possible to unambiguously follow the electron transfer kinetics. Theoretical modeling shows that the long-lived component can be explained without invoking hole hopping or spin-forbidden transitions.
I. INTRODUCTION
Liquids are an important medium for electron transfer processes. In spite of the ubiquity of liquids, understanding photoinduced electron transfer between donors and acceptors in liquids remains a challenging problem. In many photoinduced electron transfer experiments, 1-3 a low concentration donor (Ͻ10 Ϫ4 M) and high concentration acceptors ͑ϳ0.1 M͒ are dissolved in a liquid solvent. The time dependence of photoinduced electron transfer is determined by the distance dependence of the intermolecular interactions, which in turn is controlled by the strength of the electronic interaction, the free-energy change upon electron transfer, and the reorganization energy. 4 -9 Because the particles are constantly moving through the liquid, their relative positions, and therefore, the transfer rates, and not fixed. The transfer rate from a particular donor to the collection of acceptors is a complex timedependent function. 3, [10] [11] [12] [13] [14] Following forward electron transfer, geminate recombination ͑electron-hole recombination͒ can occur. [12] [13] [14] [15] The time-dependent concentration of radicals produced by forward electron transfer depends on the relative rates of forward transfer and geminate recombination. Because the species prior to and following electron transfer are not the same, the distance-dependent forward and back transfer rates, in general, are not the same.
14 Furthermore, for donors and acceptors in a liquid solvent, there is a wide distribution of initial donor/acceptor separations. For a donor without an acceptor nearby at the time of photoexcitation, diffusion is required to bring an acceptor sufficiently close to permit electron transfer to occur. 3, [10] [11] [12] [13] [14] A competition exists between geminate recombination and the escape of the radicals from the immediate vicinity of their generation. Because electron transfer is short range ͑Ͻϳ10 Å͒, separation of the radicals over relatively short distances can lead to the generation of long-lived radicals.
Another scenario for electron transfer in liquids occurs when a low concentration acceptor is dissolved in a pure liquid that acts as the electron donor. 16, 17 With the donors surrounding the acceptor, photoexcitation of the acceptor leads to very rapid electron transfer. Forward electron transfer has been studied in considerable detail in pure electron donor liquids with the emphasis on understanding the donor/ acceptor electronic coupling matrix element. 16 Some attention has be paid to events following forward electron transfer using single-color nonlinear spectroscopic techniques. 17 In this paper, photoinduced electron transfer and back transfer ͑geminate recombination͒ are studied in a pure donor liquid using spectrally resolved pump-probe experiments. The systems are rhodamine3B (R3B ϩ ) and rhodamine6G (R6G ϩ ), which are cations, in neat neutral N,N-dimethylaniline ͑DMA͒. R3B ϩ is the ethylester of rhodamine B, which is a carboxylic acid. 18 Following photoexcitation of R3B ϩ or R6G ϩ an electron is transferred from DMA to give the neutral radical R and the cation DMA ϩ . A great deal of experimental and theoretical work has been done in a number of solvents on R3B ϩ /DMA in which DMA is in relatively low concentration. 3 In the theoretical treatments used to describe electron transfer in solution, 3, 10, 14, 19 the species that is in very low concentration and is photoexcited is called the donor. Because R3B ϩ or R6G ϩ are hole donors, we will refer to them as the donors and DMA as the hole acceptor.
In the experiments a short pump pulse ͑ϳ100 fs͒ is used to excite R3B ϩ or R6G ϩ at 565 nm. A ''white'' light con-tinuum is then used to take the full spectrum from 380 to 650 nm. The spectrum is observed with a monochromator and a CCD camera. By observing the entire spectrum as a function of time, it is possible to examine the dynamics of different features in the spectrum that are not observable in a singlecolor experiment. 17 The time dependence of the ground-state bleach, the excited state population, and of particular importance, the neutral R3B and R6G radicals formed by forward electron transfer and the DMA ϩ radical cation, can be independently investigated.
II. EXPERIMENTAL PROCEDURES
Pump-probe experiments in which a particular wavelength is used for the pump and a continuum is used as the probe were performed using a Ti:Sapphire regenerative amplified source, and optical parametric amplifier ͑OPA͒ and either CCD detection system ͑broadband detection͒ or a lock-in amplifier system ͑narrow-band detection͒. A doublepass BBO OPA pumped by the output of the Ti:Sapphire regenerative amplifier ͑800 nm, ϳ85 fs͒ was used to make 1.9 m light. The leftover 800 nm pulses were then summed with the ϳ1.9 m pulses in another BBO crystal to produce the 565 nm pump pulses at a repetition rate of 1 kHz. This wavelength is on the red side of the R3B ϩ and R6G ϩ absorption spectra. The intensity of pump light was attenuated using a half-wave plate and polarizer combination. The pump energy ͑0.3-0.4 J/pulse͒ was chosen to make sure that the signal was linear in the pump intensity and that there was no sample degradation. All measurements described here were performed at the magic angle between the pump and probe beams unless otherwise specified.
A white light continuum, used for the probe, was generated by focusing 1-2 J of 800 nm light onto the back surface of a rotating CaF 2 crystal. A half-wave plate/ polarizer combination was used to attenuate the 800 nm to give the most stable white light. Rotation was necessary to avoid rapid damage to the CaF 2 . Use of CaF 2 with the 800 nm pump permitted continuum to be generated from the near IR to somewhat beyond 380 nm. The white light was separated into two beams by a beam splitter. One beam was used as the probe crossed with the pump in the sample, and the other one, which passed through an unpumped spot in the sample, was used as a reference to monitor the intensity and spectral characteristics of the white light. Probe and reference beams were collimated and then focused into the sample. The pump and probe beams had the spot sizes of about 100 and 50 m, respectively. The delay between the pump and probe was achieved by passing the pump beam down two delay lines, a high-resolution delay with ϳ1 fs resolution and a long low-resolution delay ͑ϳ1 ps͒ that produced a maximum delay of ϳ12 ns.
The probe and the reference beams, after passing through the sample, were focused into two optical fibers by two microscope objectives. The outputs of the fibers are at the entrance slit of a 0.3 m monochromator with a 300 line/ mm. The dispersed outputs of the two input beams are detected by a 1340ϫ100 pixel CCD detector. The probe and the reference produce separately readout stripes on the CCD, which are used to obtain the difference absorption spectrum between pump on and pump off. The reference spectrum permits correction for variation over time of the white light characteristics. Comparing the spectrum with the pump on and the pump off determined absolute differences in absorbance.
In an alternative detection configuration, the probe and reference beams were directed out of an exit slit on the monochromator rather than into the CCD. Two photomultiplier tubes ͑PMT͒ were used after the exit slit to measure the probe and reference signals at a selected wavelength. Two gated integrators obtained signals from the PMTs, and the probe signal was divided by reference signal, the log taken using an analog processor. The ratio was fed to a lock-in amplifier that detected the signal at 500 Hz. A mechanical chopper blocked every other pump pulse, resulting in a difference signal at 500 Hz.
Time resolution of the system, that is the cross correlation between the pump pulse and the white light probe pulse, was determined by fitting the rising edge of the pump-probe signal of R3B ϩ in ethanol solution to be ϳ200 fs. The shift in the position of the rising edge as a function of wavelength was used to determine the influence of chirp of the white light on the time dependence measured at different wavelengths.
All data were taken at room temperature, 21°C. The cells were made of fused silica and had a 1 mm path length. Each sample contained 0.05 mM R3B ϩ or R6G ϩ ͑Exciton͒. DMA ͑Aldrich, 99.5ϩ%͒ was used as received. Samples were degassed by several freeze-pump-thaw cycles and sealed under vacuum. All samples were stored in the dark. No measurable change in the absorption spectra and the transient spectra were observed over the period of the experimental measurements.
III. RESULTS AND DISCUSSION
Features associated with the R3B ϩ spectrum and the R3B neutral radical spectrum can be identified by examining R3B ϩ in a nonparticipating solvent without and with DMA in the same solvent. Figure 1 displays three pump-probe difference spectra taken with the CCD. The solvent is propylene glycol and the probe delay is 8 ps. The solid curve is for R3B
ϩ taken with no DMA in the solution. The negativegoing peak at ϳ570 nm is the ground-state bleach. The positive-going peak at ϳ445 nm is an excited state-excited state absorption. The broad, low amplitude negative-going feature to the red of ϳ600 nm is stimulated emission induced by the probe. Measurements of standard absorption and fluorescence spectra show that the peak of the stimulated emission ͑fluorescence͒ is at ϳ590 nm. At this wavelength there is overlap between the absorption and the emission. By 600 nm the absorption has fallen to zero. 18 Therefore, measurements presented below at 620 nm do not contain any contribution from the ground-state bleach. R3B ϩ solutions in several solvents without DMA acceptors show the same features. 20 The dashed curve in Fig. 1 shows the spectrum with a DMA acceptor concentration of 0.3 M. A new feature is evident at ϳ430 nm. This feature arises from the generation of the R3B neutral radical via electron transfer from a DMA. 21 The region of stimulated emission, which reflects the R3B ϩ excited state population, has decreased by ϳ50%. However, the ground-state bleach has decreased much less. Forward electron transfer quenches the excited state population, but the ground-state bleach does not recover until electron back transfer has occurred to regenerate R3B ϩ . To obtain a spectrum of the R3B neutral radical, it is necessary to subtract the excited state-excited state absorption band. The excited state-excited state absorption has amplitude that is proportional to the stimulated emission band because they are both determined by the number of excited states. Therefore, the R3B spectrum is obtained by subtracting the no-acceptor spectrum ͑solid curve͒ from the spectrum with acceptors ͑dashed curve͒ after scaling it to the spectrum with acceptors in the region of the stimulated emission. The resulting spectrum ͑dotted curve͒ shows the R3B neutral radical in the region around ϳ430 nm. This spectrum coincides with the spectrum of R3B ϩ taken using pulsed radiolysis to produce the R3B neutral radical. 21 We can estimate the extinction coefficient of the R3B neutral radical by comparing the amplitude of the signal at 430 nm to that of the ground-state bleach at 564 nm. The result is ϳ3ϫ10 4 
M
Ϫ1 cm Ϫ1 , which is close to the reported value. We were unable to observe the DMA ϩ absorption in the solution. From the literature it is known that it is peaked at 470 nm with a maximum extinction coefficient of ϳ4700 M Ϫ1 cm Ϫ1 . 22, 23 In the dotted spectrum in Fig. 1 , the DMA ϩ would have an absorbance of ϳ0.001, and would be obscured by the R3B neutral radical absorption. However, observation of the tail of the DMA ϩ spectrum in the pure DMA solvent is discussed below. Figure 2 shows pump-probe difference spectra of R3B ϩ in pure DMA taken at four different times. Because the solvent is composed of pure DMA hole acceptors, electron transfer is extremely fast. In Fig. 1 , where the DMA is in moderate concentration, at 8 ps the R3B neutral radical ͑430
nm͒ is a large shoulder on the side of the R3B ϩ excited state-excited state absorption peak ͑445 nm͒. In Fig. 2 , in both the 6 and 10 ps spectra, there is no contribution from the R3B ϩ excited state-excited state absorption peak. Even in the 0.3 ps spectrum in pure DMA ͑Fig. 2͒, the R3B ϩ excited state-excited state absorption peak is only a shoulder on the side of the R3B neutral radical peak. By 0.5 ps, the contribution from the R3B ϩ excited state-excited state absorption has shown a further substantial decrease. The R3B ϩ excited state-excited state absorption is decreased as forward electron transfer depopulates the initially prepared R3B ϩ excited state. By 6 ps, forward electron transfer is almost complete, and between 6 and 10 ps, back transfer has begun to reduce the R3B neutral radical peak at 430 nm. The features in the spectra to the red of 550 nm can be understood in a similar manner. In the short time spectra ͑0.3 and 0.5 ps͒ there is a nonzero tail to the red of 600 nm. This arises from simulated emission, which requires excited state population. By 6 ps, virtually all of the excited state population has decayed because of forward electron transfer. The lifetime of the R3B ϩ excited state in the absence of electron transfer is ϳ2 ns, with some dependence on the solvent. 20 In the DMA solvent, the excited state population decay is completely dominated by forward electron transfer. There is some contribution to the negative-going peak at ϳ570 nm ͑mainly due to bleaching of the ground state͒ from overlap with the stimulated emission band. This was determined from the overlap of the absorption spectrum and the fluorescence spectrum.
While the forward electron transfer is extremely fast, and complete in a few ps ͑see below͒, the back electron transfer ͑geminate recombination͒ is substantially slower. By 6 ps, the peak at 430 nm arises solely from the R3B neutral radical generated by forward electron transfer. The negative peak at ϳ570 nm is caused solely by the ground-state bleach. Between 6 and 10 ps, these peaks begin to decay because of back electron transfer. Figure 3 is a schematic of the energy states and the kinetics. The system begins in the ground state (R ϩ -DMA) and is photoexcited to R ϩ *-DMA. The system can return to the ground state without electron transfer with a FIG. 1. Pump-probe difference spectra at 8 ps delay in propylene glycol. The solid curve is R3B ϩ taken with no DMA acceptors. The dashed curve is the spectrum with a DMA acceptor concentration of 0.3 M. A new feature at ϳ430 nm arises from the generation of the R3B neutral radical via electron transfer from a DMA. The dotted curve results from subtracting the solid curve from the dashed curve. The R3B neutral radical spectrum is the peak at 430 nm.
FIG. 2. Pump-probe difference spectra of R3B
ϩ in pure DMA taken at four different times. By ϳ6 ps, the peak at 430 nm is the R3B neutral radical absorption. rate 1/, where is the lifetime measured in the absence of electron transfer. Forward electron transfer can take place with the distance-dependent forward rate k f (R) to the charge transfer state, R-DMA ϩ . The system can return to the ground state via back electron transfer from the charge transfer state R-DMA ϩ to R ϩ -DMA with the distance-dependent back transfer rate k b (R). The dynamics of the coupled problem of forward transfer and back transfer in solution have been discussed theoretically in detail. [12] [13] [14] [15] 24, 25 The theory will be applied to analyze the data below. The free-energy difference between the ground state and the charge transfer state is the difference in donor/acceptor redox potentials, ⌬E o . The free-energy difference between the excited state and the charge transfer state is ⌬G, the free energy associated with the forward electron transfer. is the reorganization energy. For electron transfer in the normal region (Ϫ⌬GϽ), a widely used form of k(r) was developed by Marcus. 4 -9 For the forward transfer, the Marcus form of the transfer rate is employed. The back transfer is in the inverted regime, and the distance-dependent back transfer rate is modeled as an exponential. Figure 4 shows details of the dynamics at two wavelengths, 430 nm ͑circles͒ and 540 nm ͑squares͒. The inset shows that same data with an expanded time scale. The data at 540 nm is the ground-state bleach. These data, which are negative going ͑see Fig. 2͒ , has been inverted for comparison with the 430 nm data. The 540 nm data are on the blue side of the bleach spectrum to avoid any possible contamination from simulated emission. Equivalent data were also taken at 560 nm, near the peak of the bleach. They are identical to the data taken at 540 nm. At short times ͑Ͻa few ps͒, the data at 430 nm are a combination of excited state-excited state absorption of R3B ϩ and absorption by the neutral R3B radical. As the initially excited R3B
ϩ is converted to R3B by electron transfer, the excited state-excited state absorption peak decays and the neutral radical peak grows in ͑see the band shapes in Fig. 1͒ . The extinction coefficient for the R3B ϩ excited state-excited state absorption is slightly larger at 430 nm than the R3B neutral radical extinction coefficient. Therefore, at 430 nm, the signal initially displays a small rapid drop as the very fast forward electron transfer occurs. In the inset, it can be seen that the signal actually decays rapidly and then shows a small rise at ϳ1 ps because of the difference in extinction coefficients.
Following the first few ps ͑see below͒, forward electron transfer is virtually complete, and the signal at 430 nm arises solely from the R3B neutral radicals. The signal then decays because of electron back transfer. The 540 nm data are the inverted ground-state bleach. The bleach is created immediately upon excitation and decays only with the repopulation of the ground state. As shown in Fig. 3 , this can occur through excited state population relaxation and electron back transfer. However, because the excited state lifetime ͑ϳ2 ns͒ is so long relative to the time scales under consideration, population relaxation can be neglected, and the 540 nm decay caused completely by electron back transfer. As can be seen in the main part of Fig. 4 and in the inset, after ϳ2 ps, the decay of the R3B neutral radical absorption ͑430 nm͒ and the decay of the ground-state bleach ͑540 nm͒ are identical. The identical behavior of the neutral radical absorption and the bleach is consistent with the model shown qualitatively in Fig. 3 and which will be used in detailed calculations below. As is clear from the data in Fig. 4 , forward transfer is much faster than the back transfer. The decay of the bulk of both back transfer signals can be characterized by an ϳ25 ps exponential. However, even at relatively short times, the decay is not strictly exponential, and it does not decay exponentially to zero. The data have a very long tail that decays increasingly slowly as time goes on. The nonexponential decay and the long tail will be reproduced below using the statistical mechanical theory of forward transfer and geminate recombination. [12] [13] [14] [15] 24, 25 Figure 5 displays data taken at 620 nm. The inset shows the same data with an expanded time scale. The data have been inverted. As discussed in connection with Fig. 1 , the signal at 620 nm is dominated by stimulated emission from the excited donors R3B ϩ *. Electron transfer converts 
R3B
ϩ * to ground-state R3B neutral radicals and eliminates the stimulated emission. The forward electron transfer that eliminates the R3B ϩ * species is extremely fast and nonexponential. The main decay of signal from ϳ0.5 to ϳ1.5 ps can be approximately characterized by an exponential decay with decay time of ϳ0.5 ps. However, the peak amplitude of the signal, which was normalized, is reduced substantially by the convolution with the instrument response ͑200 fs͒. An obvious feature of the data is that they dip below zero, and then recover, decaying toward zero as t approaches 200 ps. The form of the data can be understood by careful consideration of all of the species that contribute to the spectra displayed in Figs. 1 and 2 . From the literature, the spectrum and the peak extinction coefficient of the DMA radical cation (DMA ϩ ) are known. 22, 23 DMA ϩ has a very weak tail that extends past 620 nm. From the spectrum, the extinction coefficient at 620 nm was approximately determined. The absorption spectrum and the fluorescence spectrum of R3B ϩ were measured, and the extinction coefficient of R3B ϩ was determined. The absorption spectrum and its maximum extinction coefficient, as well as the fluorescence spectrum, are virtually identical to rhodamine B. 18 In addition, we measured the transient absorption spectrum of R3B ϩ in solution without DMA ͑see Fig. 1͒ and the fluorescence spectrum using the spectrum/CCD instrument under identical conditions. This permitted the ''effective stimulated emission extinction coefficient'' to be determined by comparison to the bleach spectrum. ͑The Einstein B coefficient for absorption is equal to the Einstein B coefficient for simulated emission. 26 The effective stimulated emission extinction coefficient is equivalent to the Einstein B coefficient for simulated emission.͒ Using the DMA ϩ extinction coefficient at 620 nm and the R3B ϩ effective stimulated emission extinction coefficient at 620 nm, their ratio was determined. At 620 nm, the R3B ϩ stimulated emission is ϳ70 times stronger than the DMA ϩ transient absorption if the two species had the same concentration.
In Fig. 5 around tϭϳ0 there are far more R3B ϩ * ͑ex-cited states͒ than DMA ϩ radicals, which gives rise to the large positive peak ͑increase in light transmitted through the sample͒. The number of excited states decays rapidly due to forward electron transfer. For the first portion of the decay, the signal essentially reflects the rate of forward electron transfer because the R3B ϩ * stimulated emission is so much stronger than the DMA ϩ absorption. Even when the number of excited states is down to 2%, the ratio of the extinction coefficients will yield a positive signal in Fig. 5 . However, once the R3B ϩ * concentration becomes small enough and the DMA ϩ concentration becomes large enough, the signal will go negative because the DMA ϩ absorption ͑decrease in 620 nm probe transmission͒ will be greater than the R3B ϩ * stimulated emission ͑increase in 620 nm probe transmission͒. The inset shows that for time past 10 ps, the signal is still becoming more negative. The main body of the figure shows that there is a turnaround between 10 and 15 ps. The broad nature of the turnaround is in part due to the disparities in the R3B ϩ * effective stimulated emission extinction coefficient and the DMA ϩ absorption extinction coefficient. After ϳ25 ps, there is no contribution to the signal from R3B ϩ *. The signal arises solely from the DMA ϩ radical cations formed by forward electron transfer. Electron back transfer is responsible for the decay toward zero.
The discussions presented above state that following forward electron transfer, all of the dynamics observed arise from electron back transfer. Electron back transfer is measured by examining the time dependence of three different observables, the decay of the R3B neutral radical spectrum ͑430 nm͒, the reformation of R3B ϩ measured by the decay of the ground-state bleach at 540 and 560 nm ͑not shown͒, and the decay of the DMA ϩ radical cation ͑620 nm͒. In Fig.  4 , it can be seen that the decays at 430 and 540 nm are identical. In Fig. 6 , the data for all three species are presented on a log plot. The data cover the range of 25 to 90 ps, which is after the turnover is complete in Fig. 5 and before the signal becomes too small to be useful. Because of the small size of the DMA ϩ extinction coefficient at 620 nm, the signal is weak and relatively noisy. Nonetheless, it is apparent from Fig. 6 , that all three species exhibit the identical decays within experimental error. The line in Fig. 6 reflects an exponential decay. Clearly, the three data sets exhibit nonexponential decays.
IV. THEORETICAL MODELING
The model system for photoinduced intermolecular electron transfer followed by back transfer ͑geminate recombination͒ in liquids has been described in detail previously. 10, 19 The theory was derived for donors and acceptors in a solvent. The donors, as in this study, are very low in concentration. However, in the theory, the acceptors were taken to be in moderate to low concentration to avoid the problem of acceptor-acceptor excluded volume affects in the spatial averaging procedure. 27 Here, the ''solvent'' is composed of pure DMA acceptors. The influence of the acceptor-acceptor excluded volume on the calculations will be discussed qualitatively after presentation of the results.
Upon photoexcitation, the donors can undergo forward electron transfer to one of the many acceptors in solution. In relatively dilute solution, which acceptor receives the electron depends on the spatial distribution of acceptors about the excited donor and on molecular diffusion in the liquid. While the theoretical treatment is general for any initial charges on the donors and acceptors, in the experiments described here, there are no ionic Coulomb interactions between the donor and acceptors before or after electron transfer. Therefore, the Coulomb term in the theory is set to zero. In the most likely scenario, the electron will back transfer from DMA ϩ to R3B, regenerating the ground state. Because the concentration of donors is low, only geminate recombination is considered. Diffusion can separate the radical formed by forward transfer, giving rise to long-lived radicals. Another possibility is that hole hopping could occur between DMA ϩ and DMA. This is not considered in the theory because it is energetically unfavorable, and the data can be explained strictly through geminate recombination and diffusion. Processes that regenerate the donor excited state are also energetically unfavorable for the systems studied here and are assumed to be negligible. Comparisons of the experimental results to the calculations presented below indicate that the formation of triplet state radical pairs is not involved in the kinetics. The three-level system ͑consisting only of ground states, excited donor states, and radical states͒ is shown schematically in Fig. 3 .
The goal of the theory is to permit calculation of the physical observables: the state survival probabilities ͗P ex (t)͘ and ͗P ct (t)͘. If the donor is photoexcited at time 0, then ͗P ex (t)͘ is the probability that the donor is still excited at some later time t, while ͗P ct (t)͘ is the time-dependent probability that the radicals formed by forward transfer still exist. As time evolves, the probability of the donor remaining excited, ͗P ex (t)͘, decays due to forward electron transfer. While ͗P ex (t)͘ decays from a value of 1.0 ͑unit probability at time 0͒, ͗P ct (t)͘, the probability of finding the donor and acceptor in their radical states, builds up from 0 as forward transfer occurs and then decays as back transfer acts to deplete the radical population. The ensemble averaging techniques relate the observables to the two particle survival probabilities. For the forward transfer, ͗P ex (t)͘ has been derived in detail. 10, 11 The result is
͑1͒
Here, , C, and R m denote, respectively, the donor (R3B ϩ ) lifetime in the absence of acceptors, the acceptor concentration, and the donor-acceptor contact distance ͑sum of their radii͒. g(R 0 ) is an appropriate donor/acceptor radial distribution function. S ex (t͉R 0 ) is the two-particle excited-state survival probability, a theoretical construct for a hypothetical system in which there is one donor and only one acceptor. Given that the acceptor is at distance R 0 from the donor at time 0, S ex (t͉R 0 ) is the probability that the donor is still excited at time t later. S ex (t͉R 0 ) satisfies the well-known differential equation, with associated initial condition, and reflecting boundary condition at contact 14, 28 
where k f (R 0 ) is a distance-dependent forward transfer rate, the specification of which is given below. L R 0 ϩ is the adjoint of the Smoluchowski operator 28,29
where V(R 0 ) is the potential divided by k B T, and D(R 0 ) is the distance-dependent diffusion constant ͑hydrodynamic effect͒. 10, 14, 19, [30] [31] [32] Numerical evaluation of Eq. ͑2͒ can be followed by integration according to Eq. ͑1͒ to give the forward transfer experimental observable. This observable can be directly compared to experimental measurements of the time dependence of donor stimulated emission at 620 nm.
The inclusion of solvent structure and of a distancedependent diffusion constant ͑hydrodynamic effect͒ in Eqs. ͑1͒-͑3͒ has been discussed previously. 10, 14 The radial distribution function, g(R 0 ), appears in both the spatial averaging and in the diffusional operator. In Eq. ͑3͒, the potential in the Smoluchowski operator includes the potential of mean force, that is, V(R 0 )ϭϪln͓g(R 0 )͔. The distance dependence of the diffusion constant also appears in the Smoluchowski operator.
Derivation of ͗P ct (t)͘ requires solving the coupled forward and back transfer problem. The techniques for performing the ensemble averages for the coupled problem have been presented, 12, 24, 33 and solvent structure and hydrodynamic effects were included. 10, 14 The result is
S ct (t͉R 0 ) is the two-particle survival probability for the radicals. Given that at time 0 the acceptor exists as a radical at R 0 , S ct (t͉R 0 ) is the probability that the donor and acceptor still exist as radicals at time t later, that is, back transfer has not yet occurred. S ct (t͉R 0 ) can be calculated using Eq. ͑2͒ with the appropriate back transfer rate, k b (R 0 ). Equation ͑4͒ represents the most commonly encountered experimental situation, in which the donor and acceptor have no Coulomb interaction prior to forward electron transfer. S ct (t͉R 0 ) satisfies a differential equation equivalent to that of S ex (t͉R 0 ). However, while the results briefly outlined above are formally correct for diffusion in a potential of mean force, inclusion of any additional potential in the forward transfer requires modification of the ion survival equations ͓Eq. ͑4͔͒.
14 Furthermore, if the radicals produced by forward electron transfer have a Coulomb interaction, an additional Coulomb term in the potential for the back transfer is required. 14 For the forward electron transfer, k f (R) is obtained using the well-known Marcus result
where ͑R ͒ϭ e 2 4 0 9 ⌬G f for R3B ϩ and DMA have been reported in a number of solvents. 3 Since ⌬G f is relatively small for the forward transfer, Eq. ͑5a͒ is expected to be accurate. The adjustable parameters are then J of and ␤ f , which determine the magnitude and distance dependence of the electronic coupling, respectively.
The back transfer is in the highly inverted regime, for which Eq. ͑5͒ is not appropriate. In the highly inverted regime, tunneling pathways become dominant, and quantummechanical treatments are available. 7,36 -39 However, quantum-mechanical treatments require a large number of parameters, which, in general, are not known. In the absence of specific knowledge of the necessary parameters, a simpler exponential distance dependence appears to be able to provide information on the distance dependence of the transfer rate and the rate at contact. That is
Equation ͑6͒ is equivalent to assuming that the distance dependence of the reorganization energy can be neglected. For the analysis presented below, which is intended to explicate the major features of the forward transfer and geminate recombination, but not to extract detailed parameters from the calculations, Eq. ͑6͒ is adequate. The theory briefly outlined above requires a substantial number of input parameters, some of which are known and some are adjusted. For reasons discussed further below, the comparisons between the calculations and the data are only semiquantitative and are intended for heuristic purposes. The aim is to show that the basic features of the forward and back transfer data can be understood only in terms of the model pictured in Fig. 3 . The theory calculates two observables, P ex (t) ͑the time-dependent excited state probability͒ and P ct (t) ͑the time-dependent charge transfer state probability͒. P ex (t) is obtained from the data at 620 nm ͑Fig. 5͒ with the contribution for the absorption of the DMA ϩ radicals removed. At short time, the 620 nm data reflect P ex (t). The ground-state bleach data at 540 nm ͑see Figs. 4 and 6͒ is scaled to the long-time portion of the 620 nm data, which is due solely to DMA ϩ , and subtracted. The P ct (t) data are obtained from the R3B neutral radical data at 430 nm ͑Fig. 4͒ after the short-time contribution from excited stateexcited state absorption is removed using the P ex (t) curve. The result is pure P ex (t) and P ct (t) curves without contributions from other species. This process will introduce a small amount of experimental uncertainty in the curves.
In the calculation, the following constants are employed. The static and optical dielectric constants of the liquid ͑DMA͒ are 5.01 and 2.43, respectively. The DMA viscosity is 1.29 cP. 40 The molecular radii of DMA and R3B are 0.275 and 0.412 nm, respectively. 3 Using the viscosity, the diameters, and the Stokes-Einstein equation, the mutual diffusion coefficient of DMAϩR3B is 202.0 Å 2 /ns. The ⌬Gs were determined from the redox potentials in acetonitrile. 3 The redox potentials were corrected for dielectric constant using the standard Weller equation. 3, 41, 42 This works very well when one high dielectric constant is converted to another high dielectric constant. There is considerably more error when measurements in a high dielectric constant ͑acetoni-trile͒ are used to determine the redox potential in a low dielectric constant liquid like DMA. Therefore, there is some error in the ⌬G values of ⌬G f ϭϪ0.294 eV and ⌬G b ϭϪ1.894 eV. Using Eq. ͑5b͒, the reorganization energy at contact, ϭ0.5821 eV. The normal region of electron transfer is taken to be Ϫ⌬GϽ. 9 Therefore, the forward transfer is in the normal region and the back transfer is in the inverted region as mentioned above. To reduce the number of parameters further, ␤ in Eq. ͑5a͒ we assume ␤ϭÅ Ϫ1 because ␤ has been found to be ϳ1 Å Ϫ1 in many studies. 7, 38, [43] [44] [45] In addition, previous electron transfer measurements on the donor and acceptor studied here indicate that ␤Х1 Å Ϫ1 . 3 We have also fixed ␤ϭ1 Å Ϫ1 for the back transfer ͓Eq. ͑6͔͒. That leaves only one adjustable parameter for the forward transfer, J of , and one adjustable parameter for the back transfer, K.
Figures 7͑a͒ and 7͑b͒ display P ex (t) and P ct (t) along with calculated curves. The areas of the data curves and the calculated curves have been normalized. The value of J of ϭ50 cm Ϫ1 and the value of Kϭ100. Both calculations reproduce the data reasonably well but certainly not quantitatively. The calculated P ex (t) decays too slowly at short time and then too rapidly at longer time. The decay of P ct (t) at short time is about right and, of most importance, the calculated P ct (t) displays the long tail observed in the data. However, the amplitude of the tail is too great. The long tail in the back transfer is initially somewhat surprising. Because many acceptors are in contact with the donor, it would be expected that forward transfer occurs to a contact neighbor followed by very rapid back transfer. However, the back transfer is in the highly inverted region, which slows it down considerably. The relatively slow back transfer distance-dependent rate constant permits diffusion to separate the radicals formed by forward transfer, giving rise to the long tail in P ct (t). It is unnecessary to invoke hole hopping from DMA ϩ to another DMA or the formation of a radical pair triplet state, leading to spin-forbidden back transfer to account for the data.
The theoretical calculations do not reproduce the data quantitatively. This is not surprising. The theory was developed for a donor interacting with relatively dilute acceptors, Ͻϳ0.5 M. Here, the acceptor is the pure liquid surrounding the donor. The theoretical development does not account for acceptor-acceptor excluded volume, which is unimportant for relatively low concentrations. In relatively dilute solution, interchanging an acceptor with an adjacent solvent molecule is a distinct configuration in the ensemble average. In pure DMA, interchanging a DMA with an adjacent DMA is not a distinct configuration. Therefore, in pure DMA, the theory overcounts configurations in the ensemble average. In an initial study of the R3B ϩ /DMA system in a number of dilute solutions, J of was found to be ϳ300 cm Ϫ1 . 3 In a more recent study with improved data that spanned a much wider range of times, very good agreement was obtained between the shapes of the decay curves and the calculations, and J of was found to be ϳ200 cm Ϫ1 . 20 If a value of J of ϭ200 cm
Ϫ1
is used in the calculations, P ex (t) decays much too fast. The reduction in J of used to obtain the semiquantitative agreement shown in Fig. 7 is presumably due to the influence of acceptor-acceptor excluded volume. Reducing J of slows the rate of electron transfer, which to some extent makes up for the inclusion of too many configurations in the ensemble average. However, changing J of does not have the same affect on the shape of the curve as changing the distribution of spatial configurations of the acceptors. Therefore, reducing J of slows the decay into the appropriate range but does not produce the completely correct shape. The calculated P ct (t) in Fig. 7͑b͒ has approximately the correct shape, but overestimates the amplitude of the long tail. A general feature of the calculations is that the long component does not decay to zero at infinite time. The amplitude of the tail at infinite time in the calculation is the fraction of radicals that escapes geminate recombination. In a real system, nongeminate recombination will eventually quench the radicals. From the experimental data, it is possible to estimate the fraction of radicals that escapes geminate recombination. For times longer than the 200 ps radical recombination data shown in Fig. 4 , the long-time tail becomes increasing flat. By 600 ps ͑data not shown͒, the tail is flat within experimental error. From the amplitude of the tail, we estimate that the escape fraction for R3B/DMA ϩ radicals is ϳ3%.
Another factor that comes into play is the orientational dependence of the electronic coupling. A study of electron transfer between coumarin dyes in aromatic amine acceptors including DMA showed that there is a significant angular dependence to the electronic coupling matrix element. 16 In the theory used to analyze the data, the coupling does not have an angular dependence. For relatively dilute solutions of acceptors, in which there is a broad distribution of distances and diffusion plays a significant role, the averaging over distance and orientational relaxation diminish the importance of the orientational dependence of the dynamics. 46 In pure DMA, contact neighbors dominate transfer and the time scale of forward transfer is so fast that orientational averaging will not occur. Therefore, the lack of knowledge of the angular dependence of the electron transfer and not having an angular average in the theory may also contribute to the difference in shape of the calculated and experimental curves.
Experiments provide some evidence that there is an an-
͑a͒ Decay of the excited state R3B ϩ * ͓ P ex (t)͔ measured at 620 nm ͑stimulated emission signal with DMA ϩ absorption removed͒, and the theoretically calculated P ex (t) ͑see the text͒. ͑b͒ Decay of the R3B neutral radical ͓ P ct (t)͔ measured at 430 nm ͑short-time contribution from the R3B ϩ * excited state-excited state absorption removed͒, and the theoretically calculated P ct (t) ͑see the text͒. gular dependence to the transfer rate. Figure 8 shows curves taken at 620 nm with the pump polarization aligned parallel to and perpendicular to the probe polarization. In all of the previous data the pump polarization was at the magic angle relative to the probe polarization. In Fig. 8 , following the decay of R3B ϩ * signal, the remaining DMA ϩ signal shows a difference between the parallel and perpendicular polarizations. The difference vanishes in ϳ50 ps. Using the DebyeStokes-Einstein equation for the orientational relaxation time and the viscosity and radius of DMA, orientational randomization should occur with a time constant of ϳ25 ps, which is consistent with the data. The observed difference between the parallel and perpendicular signals will only occur if the DMA ϩ radicals formed by electron transfer are not produced with an isotropic distribution of orientations relative to the initially excited R3B ϩ *.
In a previous study of R6G ϩ in DMA using single-color nonlinear optical experiments, the long-time portion of the data was attributed to vibrational cooling with a time constant of ϳ20 ps. 17 The single-color data assigned an electron back transfer time constant of 4 ps and a forward transfer time constant of 85 fs. We performed experiments on the R6G ϩ /DMA system that were identical to those described above. The time-dependent spectrum is almost the same as the one displayed in Fig. 2 for R3B ϩ /DMA except various features are shifted 10 to 20 nm to the blue. Figure 9 shows the decay of the R6G neutral radicals at 420 nm ͑circles͒ and the recovery of the ground-state bleach at 540 nm ͑squares͒. Figure 10 shows the decay at 610 nm of the R6G ϩ * stimulated emission ͑short-time positive signal͒ and the decay of the DMA ϩ radical ͑long-time negative signal͒. Figures 9 and 10 should be compared to Figs. 4 and 5. The behavior of each curve is the same for the R3B ϩ and R6G ϩ donors, although the nonexponential decays vary somewhat in rate. As shown in Fig. 6 , even the long-time ͑tens of ps͒ portions of the decays are not exponential. The previous experiments 17 did not spectrally identify the various species and follow their behavior independently, which apparently led to a misidentification of the decay processes.
To make a semiquantitative comparison between the dynamics measured for R3B ϩ and R6G ϩ , the data from each system were fit with single exponentials: fits to the shorttime portions of the stimulated emission curves ͑Figs. 5 and 10͒, which are measures of the forward transfer, and fits to the longer time portions of the neutral radical decay ͑Figs. 4 and 9͒, which are measures of the back transfer. The theoretical model employed in the analysis presented in Fig. 7 was not used. It is important to emphasize that the electron transfer processes are not exponential. As can be seen in Fig. 6 , the neutral radical decay on the 20 ps time scale is not exponential, and by 200 ps ͑see Fig. 4͒ the decay is almost flat. By 600 ps ͑not shown͒, the neutral radical concentration is constant. Forward electron transfer is also nonexponential. The purpose of the single exponential fits is to permit a comparison of the data for the two rhodamines. Table I gives the approximate exponential constants obtained for the forward and back transfer as well as the estimated probability that the radicals escape geminate recombination. 
FIG. 9. R6G
ϩ data at 420 nm, which after ϳ5 ps are exclusively the R6G neutral radical ͑circles͒, and data taken at 540 nm, which is the ground-state bleach. The neutral radical, which decays via electron back transfer, and the recovery of the ground-state bleach are identical. Compare to Fig. 4 , the equivalent data for R3B ϩ .
FIG. 10. R6G
ϩ data at 610 nm. At short time ͑Ͻϳ1 ps͒ the data are dominated by stimulated emission from the initially excited state, R6G ϩ *. The decay reflects forward electron transfer. A weak absorption at 610 nm from the DMA ϩ radical cation contributes to the signal at longer time. For tϾϳ5 ps, the signal is the decay of the DMA ϩ caused by electron back transfer. Compare to Fig. 5 , the equivalent data for R3B
ϩ .
The ϳ20 ps time scale processes, which become very slow at long times, are clearly identified as electron back transfer by observing the decay of the rhodamine neutral radicals, the recovery of the ground-state bleach, and the decay of the DMA ϩ radicals. As seen in Figs. 4 and 6 (R3B ϩ /DMA) and Fig. 9 (R6G ϩ /DMA), the decays of the various species exhibit identical behavior. The forward electron transfer is monitored directly by observing the decay of the stimulated emission. The model calculations ͑Fig. 7͒ show that all of the dynamics can be accounted for through the processes of forward and back electron transfer as schematically illustrated in Fig. 3 . By observing the spectroscopically identifiable species over a broad spectral range, it is possible to clearly assign the dynamics of the systems studied.
V. CONCLUDING REMARKS
Forward electron transfer and geminate recombination between excited rhodamine dyes, R3B ϩ and R6G ϩ ͑hole donors, R ϩ ), in pure DMA ͑hole acceptor͒ were studied using time-resolved pump-probe spectroscopy over a broad range of wavelengths. By spectrally resolving the pumpprobe data, the R ϩ ground-state bleach, the R ϩ * excited state-excited state absorption, the R ϩ * stimulated emission, the R neutral radical, and the DMA ϩ radical cation dynamics can all be explicated. Following optical excitation, R ϩ * undergoes rapid electron transfer ͑hundreds of fs͒ in a nonexponential process, which generates the R neutral radical and the DMA ϩ radical cation. The forward transfer process is in the normal regime of electron transfer. 9 As the radicals are formed, they immediately begin to geminately recombine. The electron back transfer ͑geminate recombination͒ is in the highly inverted regime 7,9,36 -39 and is much slower than the forward transfer.
A statistical mechanics theory 10, 19 was applied to the data to determine if the dynamics could be explained strictly in terms of forward and back electron transfer. The radicals formed by electron transfer display a long-lived component, and analysis shows that a few percent of the radicals escape geminate recombination in spite of the fact that forward electron transfer occurs almost exclusively between donors and acceptors that are in contact at tϭ0. The theory includes the liquid's radial distribution function and diffusion. However, the theory was developed for donors and acceptors in relatively dilute solution. Therefore, it does not account for acceptor-acceptor excluded volume, which means that at the high concentration of a solvent of pure electron donors, the theory overestimates the number of spatial configurations involved in the ensemble average. Therefore, the agreement between the calculations and the data is only semiquantitative. Nonetheless, the calculations account for all of the observed features, including the long-lived radicals. It is not necessary to invoke hole hopping or the formation of triplet radical pairs and spin-forbidden back transfer to understand the long-lived component of the radical population. 
